Reversible effects of nuclear membrane permeabilization on DNA replication: evidence for a positive licensing factor by unknown
Reversible Effects of Nuclear Membrane Permeabilization 
on DNA Replication: Evidence for a Positive Licensing Factor 
Dawn Coverley, C. Stephen Dowries,* Piotr Romanowski, and Ronald A. Laskey 
Wellcome/CRC Institute of Cancer and Developmental Biology, Cambridge, CB2 1QR, England; and Department of Zoology, and 
*CRC Mammalian DNA Repair Group, Department of Zoology, University of Cambridge, Cambridge, CB2 3EJ, England 
Abstract.  We have investigated the mechanism which 
prevents reinitiation of DNA replication within a  sin- 
gle cell cycle by exploiting the observation that intact 
(32 Helm nuclei do not replicate in Xenopus egg ex- 
tract, unless their nuclear membranes are first permea- 
bilized (Leno et al.,  1992).  We have asked if nuclear 
membrane permeabilization allows escape of a  nega- 
tive inhibitor from the replicated nucleus or entry of a 
positive activator as proposed in the licensing factor 
hypothesis of Blow and Laskey (1988).  We have dis- 
tinguished these possibilities by repairing permeabi- 
lized nuclear membranes after allowing soluble factors 
to escape. Membrane repair of G2 nuclei reverses the 
effects of permeabilization arguing that escape of 
diffusible inhibitors is not sufficient to allow replica- 
tion, but that entry of diffusible activators is required. 
Membrane repair has no significant effect on G1 
nuclei. Pre-incubation of permeable G2 nuclei in the 
soluble fraction of egg extract before membrane repair 
allows semiconservative DNA replication of these 
nuclei when incubated in complete extract. Addition of 
the same fraction after membrane repair has no effect. 
Our results provide direct evidence for a positively 
acting "licensing" activity which is excluded form the 
interphase nucleus by the nuclear membrane. Nuclear 
membrane permeabilization and repair can be used as 
an assay for licensing activity which could lead to its 
purification and subsequent analysis of its action 
within the nucleus. 
UKARYOTIC ceils normally replicate their DNA only 
once between mitoses so reinitiation of replication 
in a single cell cycle must be blocked. In 1970 Rao 
and  Johnson  performed  cell  fusion  experiments  which 
demonstrated a fundamental difference in the ability of G1 
and (32 phase cells to replicate their DNA (Rao and Johnson, 
1970).  They showed that G1 nuclei are induced to enter S 
phase prematurely when fused to  S  phase cells,  but G2 
nuclei are not. Similarly, in an exhaustive study of Drosoph- 
i/a embryos new replication bubbles were never observed on 
replicated DNA (Blumenthal et al., 1973).  In this paper we 
investigate the  mechanism which prevents  reinitiation of 
replication within a single cell cycle. 
The block to reinltiation of replication earl be overcome 
by permeabilizing the nuclear membrane. Xenopus  sperm 
nuclei undergo a single complete round of DNA replication 
without reinltiating when incubated in Xenopus egg extract 
(Blow and Laskey, 1986).  However, when the nuclear mem- 
brane of a replicated sperm nucleus is made permeable by 
lysolecithin treatment, the replicated nucleus can initiate a 
new round of replication (Blow and Laskey, 1988).  This ob- 
servation demonstrated that an intact nuclear membrane is 
required to prevent reinitiation of replication and it led to the 
proposal of a  "licensing factor" model (Blow and Laskey, 
1988). The model speculates that a hypothetical factor which 
is essential for the initiation of DNA replication lacks a nu- 
clear localization signal and therefore can only enter the nu- 
cleus during mitosis when the nuclear membrane breaks 
down. The model assumes that active factor would be de- 
stroyed as a consequence of replication and that new factor 
would become available in the nucleus when the nuclear 
membrane breaks down again at the next mitosis. According 
to the model G1 nuclei would possess such a factor but G2 
nuclei would not so DNA synthesis could occur only once 
between consecutive mitoses. 
The model can explain the Helm cell fusion experiments 
of Rao and Johnson (1970) and in addition it predicts that nu- 
clear membrane permeabilization would allow a new round 
of replication in G2 nuclei. This possibility was tested by 
Leno et al. (1992) using nuclei isolated from synchronized 
G1 and (32 phase HeLa cells incubated in Xenopus egg ex- 
tract. Permeabilization successfully induced G2 Helm nuclei 
to replicate confirming the involvement of the nuclear mem- 
brane in the prevention of reinitiation. 
These experiments establish clearly that treatments which 
permeabilize  the nuclear membrane cause  reinitiation of 
replication, and to that extent they support the licensing fac- 
tor hypothesis. However, they do not distinguish between the 
two possibilities, that positive factor is allowed to enter by 
permeabilization or that a negative inhibitory factor is al- 
lowed to escape. In addition it remains possible that the per- 
meabilization treatments also act on chromatin rather than 
just the membrane. 
Here we investigate how an intact nuclear membrane pre- 
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the  nuclear  membrane  causes  over-replication.  First,  we 
show that permeabilized nuclear membranes can be repaired 
by membrane vesicles to restore selective protein import. 
Second, we show that membrane repair reverses the effects 
of permeabilization  on  DNA  replication,  confirming  that 
permeabilization treatments  exert their effects by acting on 
the  nuclear  membrane  and  not  on the  chromatin  within. 
Third, and most importantly,  we demonstrate that the nu- 
clear membrane prevents  reinitiation of replication by ex- 
cluding an essential positive activator,  rather than by retain- 
ing a negative inhibitor.  Although Blow and Laskey (1988) 
had postulated that a positive factor might exist, it had not 
been demonstrated experimentally. 
We argue that if replication in (32 nuclei is prevented by 
the existence of an inhibitory activity which can escape when 
the nuclear membrane is permeabilized, then repairing  the 
membrane of permeabilized nuclei before addition to extract 
would not prevent  replication because the inhibitor would 
still have had the opportunity to escape. However, if replica- 
tion is the consequence of inward movement of a positive 
"licensing" activity,  membrane repair before addition to ex- 
tract would reimpose the block to replication present in in- 
tact nuclei. We present evidence that nuclear membrane re- 
pair  reverses  the  effect  of  permeabilization  unless  the 
permeable nucleus is exposed to the soluble fraction of egg 
extracts before repair. Therefore we conclude that an essen- 
tial replication activator  is excluded by the nuclear mem- 
brane as proposed in the licensing factor hypothesis. We dis- 
cuss  how  this  might  act  directly  or  indirectly  via  other 
factors. 
In  addition,  this  work provides  a  functional  assay  for 
licensing activity as exposure of permeable G2 nuclei to pro- 
tein  fractions,  before membrane  repair  and incubation  in 
complete egg extract,  will allow identification of essential 
activities which have only limited access to the nucleus in 
vivo. 
Materials and Methods 
Preparation and Fractionation  of  Extract 
Low-speed Xenopus egg extracts (LSS) I were prepared essentially  accord- 
ing to the procedure described by Blow and Laskey  (1986).  Extraction 
buffer (50 mM Hepes-KOH,  pH 7.4,  50 mM KCI,  5 mM MgCI2) was 
thawed and supplemented with 1 mM DTT,  1 /tg/ml leupeptin, pepstatin 
A,  chymostatin,  aprofinin~  and  I0  /tg/ml  cytocbalasin B  (Sigma  Im- 
munochemicals, St.  Louis,  MO) immediately before use.  Extracts were 
supplemented with 2 % glycerol and snap-frozen as 10-20-/d beads in liquid 
nitrogen or subjected to further fracfionation. 
High speed supernatant (HSS) and membrane fractious were prepared 
from low-speed egg extract as described (Sheehan et al., 1988). Membra- 
nous material, isolated by cenu'if~ttion  of 1-2 ml of  low-speed extract, was 
washed at least two times by dilution in 5 ml extraction buffer. Diluted mem- 
branes were centrifuged for 10 rain at 10 krpm in an SW50 rotor (SW50; 
Beckman Instruments, Inc., Palo Alto, CA) to yield vesicle fraction L The 
supernatant was then centrifuged for a further 30 min at 30 krpm to yield 
vesicle  fraction  2.  Washed  membranes  were  supplemented  with  5% 
glycerol and snap-frozen in 5-/d beads in liquid nitrogen. Vesicle fractions 
I and 2 were mixed in equal proportions before use in nuclear membrane 
repair reactions. 
1. Abbreviations  used in this paper: BrdUTP,  bromodeoxyuxidine;  HSS, 
high speed supernatant; LSS, low speed supernatant; SLO, streptolysin O. 
Preparation of  Synchronous Populations  of  Nuclei 
Cell culture and synchronization were carried out as previously described 
(Leno ct al., 1992). Nuclei were prepared as described except that all incu- 
bations were carried out in HE buffer (50 mM Hepes-KOH,  pH 7.4, 50 mM 
KC1, 5 mM MgC12, 1 mM EGTA, 1 mM DTT, 1 ~g/mi aprotinin, pepsta- 
tin, leupeptin, chymostatln). 
Nuclear Membrane PermeabUization 
SLO-prepared  nuclei (Leno et al.,  1992) were incubated with 20/~g/ml 
lysolecithin (Sigma Immunochemicals) and 10/~g/ml cytochalasin B in HE 
at a concentration of "~1.5 ×  104 nuclei/ml for 10 min at 23°C with occa- 
sional gentle mixing. Reactions were stopped by the addition of 1% nuclease 
free BSA (Sigma Immunochemicals). Nuclei were gently pelleted by cen- 
trifugation in a RC5B rotor (Sorvall Instruments, Newton, CT) at 500 rpm 
for 5 min and then washed three times by dilution in 1 ml HE.  Pelleted 
nuclei were recovered in a small volume of buffer and resuspended to '~1 
×  104 nuclei//d. 
Nuclear Membrane Repair 
Lysolecithin-permeabilized  nuclei were repaired by incubation with mem- 
brane components prepared from Xenopus egg extracts. Nuclei at a concen- 
tration of "oS,000//d were mixed with an equal volume of pooled vesicular 
fractions 1 and 2 and supplemented with 1 mM GTP and ATP. 10-20-~1 
reactions were incubated at 23°C for up to 90 min with occasional  gentle 
mixing.  Aliquots were taken at intervals and assayed for nuclear perme- 
ability. 
Permeability  Assays 
Exclusion of  Fluorescently Labeled Molecules. Permeability of the plasma 
membrane after SLO treatment and of the nuclear membrane after lysoleci- 
thin treatment were both assessed by monitoring the extent of inclusion of 
tetramethyl rhoclamine linked 40 kD neutral dextran molecules (Sigma Im- 
munochemicals). Nuclei in HE were incubated with dextran at 200/tg/ml 
and visualized by fluorescent confocal microscopy. Determination  of  the ex- 
tent of membrane permeability was made after 2-min incubations with dye. 
For determination of the extent of membrane repair,  incubations were for 
10-20 rain. This longer incubation allows visualization of any nuclei which 
remain slightly permeable after incubation in membrane repair reactions. 
Protein Import into the Nucleus.  Nuclear protein import in repaired 
nuclei was assessed by incubation in Xenopus egg LSS supplemented with 
T7 polymernse with or without a functional nuclear targeting signal (Dunn 
ct aL, 1988) (kindly provided by Colin Dingwall,  University of Cambridge 
at Wellcome/CRC  Institute).  After 30 min at 23°C nuclei were fixed with 
4%  paraformaldehyde,  and spun through a  30%  sucrose cushion onto 
polylysine-coated coverslips (Mills et al., 1989). Coverslips were incubated 
with anti-T7 polyclonni antiserum (a kind gift of Paul Fisher, State Univer- 
sity of New  York,  Stony Brook,  NY),  and then fluorescein-conjngated 
anti-rabbit antibody (Vector Laboratories, Burlingame, CA). 
Replication Reactions 
Typical replication reactions contained ,~500 Hel..a nuclei per/~1 of Xeno- 
pus egg LSS in a final volume of 15-30 td. Reactions were supplemented 
with a 150/~g/ml creatine phosphokinase and a 10× reaction mix contain- 
ing the following (concentration in reaction): 50 ttM dATP, dCTP, dGTP, 
and TTP, 60 mM pbosphucreatine, 100/tg/ml cyeloheximide,  1 mM ATP, 
and 20 mM Hepes-KOH,  pH 7.8, Biotln-dUTP (Sigma lmmunochemicals) 
at 20/~M or [ot32P]-laboled  dATP at 2/~Ci/10/d of extract (3,000 Ci/mM; 
New England Nuclear,  Boston, MA) were included to allow quantitation 
of DNA replication. Reactions  were allowed to proceed for 4-5 h except 
for the experiment shown in Fig. 5 which was the result of  an overnight incu- 
bation. Biotin-labaled reactions were stopped, fixed,  stained, and visual- 
ized as described (Mills et al.,  1989). Where results are expressed as the 
percent of nuclei which stained positively for biotin, between one and two 
hundred nuclei were scored.  DNA replication reactions which contained 
[oc~2P]-labeled  dATP were stopped by the addition of 80/tl of 0~5% SDS, 
20 mM Hepes-KOH,  pH 7.4, 20 mM EDTA. After incubation for 1 h at 
37°C with 1 mg/ml Proteinase K (Sigma Immunuchemicals) reactions were 
extracted two  times with phenol/chloroform, ethanol precipitated,  and 
resuspended in water. Nuclear DNA was separated from RNA and any re- 
mainin~ nnincorporated  label by electrophoresis  through a 0.5 % asarose gel 
in TBE in the presence of 0.5/~g/ml ethidinm bromide. DNA synthesis was 
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ing of bands cut from dried agarose gels. Results were normalized for DNA 
content by densitometry  of photographs  of stained gels and sometimes ex- 
pressed as the percent of input DNA which was replicated. For the ¢gperi- 
ment  shown in Fig.  5, 250 #M bromodeoxyuridine  triphosphate  was in- 
cluded in the replication  reaction  (Sigma lmmunochemicals).  Substituted 
DNA was separated  from unsubstituted  DNA by centrifugation through a 
CsCI gradient  as described by Blow and Laskey (1986). 
Results 
An Intact Nuclear Membrane Is Required to Prevent 
Reinitiation of  Replication in G2 Nuclei 
To investigate the role of the nuclear membrane in control- 
ling DNA  replication,  nuclei were prepared  from a  syn- 
chronized G2 population of HeLa cells using the bacterial 
exotoxin streptolysin O  (SLO) (Alouf,  1980;  Duncan and 
Schlegal, 1975; Prigent and Alouf, 1976).  Under the condi- 
tions described by Leno et al. (1992) SLO generates a cell 
population  with uniform plasma  membrane  permeability 
while >95 % of nuclear membranes remain intact. This high 
specificity for the plasma membrane allows direct investiga- 
tion of the role of nuclear membrane integrity in the control 
of DNA replication. 
G2 nuclei which possess an intact nuclear membrane are 
unable to replicate their DNA when incubated in Xenopus 
egg extract, however when the nuclear membrane is permea- 
bilized by treatment with NP-40 they become competent for 
replication (Leno et al.,  1992).  We have confirmed these 
results by permeabilizing with low  concentrations of the 
phospholipid lysolecithin (data shown below) and extended 
them to distinguish positive models of replication control 
from negative ones by reversing lysolecithin treatment by 
specific membrane repair. 
A Vesicle  Fraction Prepared  from 
Xenopus Egg Extracts Repairs the Membrane of 
Lysolecithin-treated HeLa Nuclei 
Nuclei prepared by the SLO method were permeabilized 
using low concentrations of lysolecithin (Blow and Laskey, 
1988;  Gurdon, 1976) and then repaired by incubation with 
membrane components isolated from Xenopus egg extract. 
Fractionation of Xenopus egg low-speed extract by centrifu- 
gation yields a heterogeneous vesicle population (Sheehan et 
al., 1988) which was collected and extensively washed (see 
Materials and Methods) to yield a vesicle fraction capable 
of repairing nuclear membranes permeabilized by treatment 
with lysolecithin. The plasma membrane of SLO-prepared 
nuclei was never detectably affected by this vesicle fraction. 
Nuclei treated with low lysolecithin concentrations (up to 
,020/~g/ml) were fully repaired by incubation with the vesi- 
cle fraction, but nuclei treated with higher concentrations 
were repaired comparatively poorly. Permeabilization with 
lysolecithin at 20/~g/ml allows reinitiation of replication in 
G2 nuclei, but at lower levels than those achieved by higher 
concentrations. As efficient repair is essential for the experi- 
ments described here all permeable populations of nuclei 
were generated by treatment with lysolecithin at 20 t~g/ml. 
Intact, permeable and repaired populations of nuclei were 
tested for nuclear permeability before (Fig.  1) and immedi- 
ately after (not shown) addition to egg extract. Nuclei were 
incubated with fluorescently labeled 40-kD dextran mole- 
Figure  I.  Repaired nuclear 
membranes  exclude fluores- 
cently labeled dextran mole- 
cules. (32 HeLa nuclei were 
prepared with (a)  intact nu- 
clear  membranes, (b)  lyso- 
lecithin-permeabilized mem- 
branes,  and  (c)  nuclear 
membranes which had been 
permeabilized  and  then  re- 
paired. The three populations 
were  incubated with  200 
/tg/ml  rhodamine-conjugated 
40-kD dextran molecules and 
diffusion into the nucleus was 
assessed by fluorescent  confo- 
cal  microscopy. All  popula- 
tions of nuclei used for sub- 
sequent  experiments  were 
screened in this way. Bar, 10 
/~m. 
cules then viewed using a confocal microscope. Routinely, 
>90% of all nuclei prepared with SLO showed nuclear in- 
tegrity by excluding fluorescent dextran from the nucleus 
(Fig. 1 a). After permeabilization with 20/~g/ml lysolecithin 
almost 90%  of nuclei allowed entry of fluorescent dextran 
molecules (Fig.  1 b),  although the degree of permeability 
varied between nuclei. After nuclear membrane repair by 
treatment with membrane vesicles in the presence of ATP 
and GTP (see Materials and Methods) fluorescent dextran is 
excluded again (Fig. 1 c). Repair was routinely assessed on 
the basis of dextran exclusion and only those populations in 
which essentially all nuclei excluded dextran were used for 
further study. In addition, dextran exclusion provided a mea- 
sure of the degre~ of membrane repair as the intensity of nu- 
clear fltiorescence decreased with increasing incubation time 
in repair reactions. 
Assessment of the state of the nuclear membrane by a 
means independent from its effect on DNA replication is es- 
sential in order to draw conclusions about the role of nuclear 
membrane  integrity  in  replication  control.  Therefore  all 
populations used for the replication studies described here 
were first subjected to microscopic analysis with fluorescent 
probes. 
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capable  of selective  nuclear 
protein import.  Repaired nu- 
clei were incubated in Xeno- 
pus egg LSS in the presence of 
a  T7  polymerase  nuclear 
transport probe (a) with or (b) 
without a  functional nuclear 
localization signal from SV-40 
T-antigen.  Subcellular  local- 
ization was Visualized in fixed 
nuclei by incubation with anti- 
T7 polyclonal antiserum followed by fluorescein-conjugated second antibody. T7 polymerase with a functional nuclear localization signal 
accumulated in >80% of nuclei. In the control reaction (T7 polymerase lacking an NLS) 9% of nuclei showed some fluorescence though 
this was significantly paler than in the test sample. Bar, 10/~m. 
Repaired Nuclear Membranes Allow Selective 
Nuclear Entry 
Although repaired nuclei exclude dextran molecules to the 
same extent as intact (untreated) nuclei (Fig.  1, a  and c) it 
is important to show that they are still able to import nuclear 
proteins selectively, and that repair has not sealed the nu- 
cleus within an impermeable barrier. 
Repaired nuclei were tested for their ability to accumulate 
nuclear proteins by active transport through nuclear pores. 
Nuclei were incubated in Xenopus egg extract (Newmeyer et 
al., 1986) in the presence of T7 polymerase to which an SV- 
40  T-antigen  nuclear  localization  signal  had  been  added 
(Dunn et al., 1988). Accumulation ofT7 polymerase was de- 
tected  using  anti-T7  polyclonal  antisera  followed  by  a 
fluorescently labeled second antibody (Fig. 2 a). In control 
incubations, T7 polymerase without a  nuclear localization 
signal was excluded from most (91%) of the repaired nuclei 
(Fig. 2 b). These results demonstrate that vesicle-mediated 
repair restores selective permeability to the nuclear mem- 
brane. 
Repairing the Nuclear Membrane of G2 Nuclei 
Reimposes the Block to Replication 
Permeabilizing the nuclear membrane might cause reinitia- 
tion of replication in (32 nuclei by allowing a positive licens- 
ing  factor to  enter as  hypothesized by Blow and  Laskey 
(1988) or by allowing a negative inhibitory factor to escape. 
Alternatively, it could be acting via secondary damage to 
chromatin.  These  possibilities  can  be  distinguished  by 
repairing permeable nuclei before incubation in egg extract. 
Fig.  3 a  shows the results of incubating intact, permeable, 
and repaired (32 nuclei in Xenopus egg extract in the pres- 
ence of biotin-dUTP. Incorporation into nuclear DNA was 
visualized using fluorescently labeled streptavidin which al- 
lowed the number of nuclei replicating under each condition 
to be assessed. In this experiment 37 % of intact (32 nuclei 
showed some degree of replication (Fig. 3 a, I). This is con- 
sistent with previous observations which showed that late S 
phase contaminants within an identically prepared G2 popu- 
lation represent ~30% of nuclei and that these account for 
the biotin-labeled ones (Leno et al., 1992). In the population 
used  here,  26%  of  all  nuclei  were  shown  directly  by 
bromodeoxyuridine pre-labeling  to  be  late  S  phase  con- 
taminants rather than true G2 nuclei. This accounts for most 
of the biotin labeled nuclei in Fig. 3 a  (I) and presumably 
in Fig. 3 a  (R). When a  sample of this G2 population was 
permeabilized by treatment with lysolecithin then incubated 
in extract,  the number of nuclei incorporating detectable 
amounts of biotin-dUMP increased to 71% as a result of ini- 
tiation in true G2 nuclei (Fig. 3 a, P). In other experiments 
where a higher concentration of lysolecithin was used, the 
number of nuclei incorporating biotin-dUMP increased to 
'~,90%.  Replication of all permeabilized nuclei was never 
Figure 3.  Repair of (32 nuclei reimposes the block to replication 
present in intact G2 nuclei. (,4) The replication capacity of SLO- 
prepared (32 nuclei was tested by incubation in Xenopus  egg extract 
in the presence of  biotin-dUTP. Nuclei were tested while intact (/), 
after permeabilization with lysolecthin (P), and after membrane re- 
pair by incubation with a vesicle fraction prepared from Xenopus 
egg extracts (R). DNA synthesis was monitored using fluorescein- 
conjugated streptavidin to allow the number of nuclei incorporating 
biotin-dUTP to be scored (>100 nuclei were scored for each sam- 
ple). Results are expressed as percent of nuclei which were biotin 
positive in each sample. 26 % of the biotin positive nuclei in the in- 
tact population are accounted for by the presence of late S phase 
contaminants within the (32 population (see text). These are repre- 
sented  by the  lower  (unshaded)  portion  of each  column.  (B) 
Timecourse for the effect of membrane repair on the replication 
capacity  of  permeabilized  (31  and  (32  nuclei.  Lysolecithin- 
permeabflized  nuclei  were  incubated  with  vesicle  fraction  in 
parallel incubations (,~3,700 nuclei//~l). After 0, 30, and 70 rain, 
samples (containing 3,700 (32 nuclei or 7,400 (31  nuclei) were 
transferred to egg extract supplemented with [~2P]-labeled dATP. 
The extent of DNA synthesis in each sample was assessed by liquid 
scintillation counting of gel purified DNA. Results were normal- 
ized for the amount of DNA in each reaction by densitometry of 
photographs of ethidium bromide stained gels. Results are plotted 
as the percentage of template replicated. 
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permeable nuclei with Xeno- 
pus  egg  HSS  licenses  (32 
nuclei for replication. Perme- 
able  (32  nuclei  (5,000//~1) 
were preincubated in the pres- 
ence (a) or absence (b) of 3 ~1 
of HSS in 6-#1 reactions. Af- 
ter 20 rain an equal volume of 
vesicle  fraction  was  added. 
Repaired  nuclei  (judged by 
dextran exclusion) were trans- 
ferred  to  complete  Xenopus 
egg extract supplemented with 
biotin-dUTP.  Total  nuclei 
were  stained  with  Hoechst 
33258 (top) and those incor- 
porating  biotin  were  visual- 
ized using fluorescein conju- 
gated  streptavidin  (bottom). 
87 % of  nuclei that were prein- 
cubated  with  HSS  incorpo- 
rated  biotin  brightly  com- 
pared to pale fluorescence in 
only 26 % of the control sam- 
ple. Bar, 10/~m. 
observed perhaps because some nuclei are damaged by the 
presence of unrepairable SLO-induced holes in the nuclear 
membrane.  Repair of the nuclear membrane with isolated 
membrane vesicles before incubation in extract successfully 
reimposed the block to replication which was present in the 
intact population and reduced the number of nuclei incor- 
porating biotin into their DNA to 32 % (Fig. 3 a, R).  The 
number of  nuclei incorporating biotin after membrane repair 
is very similar to that observed with the intact population 
and to the known number of S phase contaminants (26 %). 
This is consistent with replication forks which are active in 
intact S phase nuclei remaining active after permeabllization 
and repair. 
The observation that the effects of lysolecithin treatment 
on DNA  replication in  (32  nuclei are  fully reversible by 
repairing nuclei with membrane vesicles demonstrates that 
this agent does indeed act on the nuclear membrane rather 
than by a  secondary effect on chromatin. 
To show that repair of (32 nuclei does not prevent replica- 
tion by a nonspecific mechanism, membrane repair reactions 
were also carried out on G1 nuclei (Fig. 3 b). In this experi- 
ment replication was monitored by measuring the incorpora- 
tion of radiolabeled nucleotides into nuclear DNA after in- 
cubation  for  various  times  with  vesicle  fraction.  Nuclei 
prepared from synchronized populations of (31 and G2 HeLa 
cells were permeab'dized with lysolecithin then incubated 
with vesicle fraction in parallel reactions. Samples were re- 
moved after 0, 30, and 70 min, and then transferred to Xeno- 
pus egg extract to assess their replication capacity. After 70 
rain both populations of nuclei were fully repaired as judged 
by dextran exclusion  (not  shown).  DNA  synthesis  in  (31 
nuclei did not decrease as a consequence of  membrane repair 
whereas synthesis in (32 nuclei dropped to less than half the 
unrepaired level (Fig.  3  b).  It can be concluded that the 
reduction in synthesis in G2 nuclei cannot be a nonspecific 
consequence of incubation with the vesicle fraction, but that 
membrane repair reimposes the specific differences between 
(31 and (32 nuclei. (31 nuclei retained their competence for 
replication after permeabilization and repair so "licensing" 
factor or the consequences of its action must remain stable 
in the nucleus throughout the treatment. 
Replication of the (31 template increased from 80% to al- 
most 100% with increasing time in the vesicle repair reac- 
tion. The first step in Xenopus egg extract-mediated replica- 
tion  is  the  formation  of a  complete  and  intact  nuclear 
envelope. This takes in the order of 30 rain and results in a 
lag before DNA synthesis is detected (Sheehan et ai., 1988). 
We interpret the  small  increase in  DNA  synthesis in  G1 
nuclei to be the consequence of removing this time lag by 
preforming an intact nuclear membrane during the vesicle 
repair reaction. 
These results argue strongly for the existence of at least 
one positive factor which can only enter the nucleus when 
the nuclear membrane is in a permeable state. 
The Soluble Fraction of  Xenopus Egg Extract Irffll 
License DNA Replication in Permeable G2 Nuclei 
The experiments described so far cannot be explained by a 
negative inhibitory activity which escapes from the nucleus 
upon  permeabilization,  because  repairing  the  membrane 
reimposes the block to initiation, even though an inhibitor 
has had the opportunity to escape. However, these data re- 
main fully consistent with the possibility that a positive fac- 
tor must enter while the nuclear membrane is permeable. 
Therefore, we have asked if it is possible to license perme- 
able (32 nuclei by incubating them in active protein fractions 
before repairing the membrane and assaying in complete ex- 
tract. 
Lysolecithin-permeable (32  nuclei were incubated with 
Xenopus egg HSS (Sheehan et al., 1988), repaired, and then 
assayed for replication competence in complete extract by 
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the number of positive nuclei after staining with fluorescein- 
conjugated streptavidin (Fig. 4). 87% of G2 nuclei that were 
pre-exposed  to  HSS  before  being  repaired  incorporated 
biotin-dUMP into their DNA when added to complete ex- 
tract (Fig. 4 a). If incorporation of biotin was monitored in 
nuclei that were not transferred to complete extract, only 
trace levels of DNA synthesis were observed, in a similar 
number of nuclei. This is in line with previous observations 
on the dependence of DNA synthesis on extract concentra- 
tion. In the control incubation, repaired G2 nuclei that were 
not pre-exposed to HSS, but instead supplemented with HSS 
after vesicle-mediated repair, only 26 % incorporated biotin- 
dUTP  (Fig.  4  b).  Therefore pre-incubation of permeable 
nuclei in HSS, before membrane repair, stimulated the initia- 
tion of DNA synthesis. 
This conclusion was confirmed in two ways and extended 
to show that the DNA synthesis induced by pre-exposure to 
HSS is true semi-conservative DNA replication. First, the 
effect of  preincubation in increasing amounts of egg HSS be- 
fore membrane repair was monitored by measuring incorpo- 
ration  of radiolabeled nucleotides into DNA.  Increasing 
volumes of HSS resulted in increased replication (data not 
shown).  Second,  repaired  nuclei  with  and  without pre- 
exposure  to  HSS  were  replicated in the presence  of the 
dense nucleotide analogue bromodeoxyuridine triphosphate 
(BrdUTP) as well as radiolabeled dATP. The extent of incor- 
poration of BrdUMP was assessed by centrifugation of repli- 
cated DNA through a CsC1 density gradient (Fig. 5). Almost 
all radiolabel incorporated into both DNA samples equili- 
brated in the position expected of heavy/light DNA  (at a 
CsCI density of 1.75 g/ml) indicating the occurrence of semi- 
conservative DNA synthesis. Very little incomplete strand 
synthesis or rereplication was observed in either sample. The 
extent of DNA synthesis in the nuclei that were prelicensed 
by exposure to HSS before nuclear membrane repair is ap- 
proximately tenfold greater than that in the nuclei that re- 
ceived HSS only after nuclear membrane repair. 
These data provide the first direct evidence for a factor(s) 
in the egg HSS which is required for the initiation of DNA 
replication, but which is unable to enter the interphase nu- 
cleus. Further fractionation of Xenopus egg HSS should al- 
low identification of this activity. 
Discussion 
Previous experiments have shown that permeabilizing the 
nuclear membrane of a replicated nucleus allows a second 
complete round of  replication (Blow and Laskey, 1988; Leno 
et al., 1992).  To explain this Blow and Laskey (1988) sug- 
gested that a hypothetical positively acting "licensing factor" 
was necessary for DNA synthesis to begin, but that this fac- 
tor was unable to enter the nucleus when the nuclear mem- 
brane was intact. A number of other explanations remained 
possible such as escape of a negative inhibitor of replication 
or secondary effects on chromatin caused by the permeabili- 
zation procedure, either of  which might be involved in allow- 
ing reinitiation of replication. 
By reversibly manipulating the nuclear membrane of G2 
HeLa ceils we have resolved these possibilities. First, we 
have shown that the effects of nuclear membrane permeabili- 
zation on DNA replication are reversed by membrane repair 
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l~gure 5.  Pre-licensed repaired (32 nuclei carry  out true  semi- 
conservative DNA synthesis. Permeable (32 nuclei were repaired 
after 30-rain preincubation with (e) and without (o) an equal vol- 
ume of Xenopus egg HSS and then replicated in complete egg ex- 
tract in the presence of [ot32p]-labeled dATP and BrdUTP. Repli- 
cated DNA was isolated and centrifuged to equilibrium through a 
CsCI density gradient. Fractions were collected and acid insoluble 
counts were determined by liquid scintillation counting. 
with isolated membrane vesicles, arguing against the possi- 
bility of secondary effects on chromatin. Second, we have 
shown that nuclear membrane permeabilization acts by al- 
lowing entry into the nucleus of a positive activator of DNA 
replication, present in the soluble fraction of Xenopus  egg 
extract (Fig. 5), rather than allowing escape of a negative in- 
hibitor. 
The experiments described here confirm the licensing fac- 
tor model by providing direct evidence for a positive regula- 
tory activity. The nature of this activity is not known, nor 
is its mode of  action, but two main possibilities exist. Licens- 
ing factor could bind directly to the chromosome and persist 
there until it is used at the start of S phase as originally pro- 
posed by Blow and Laskey (1988).  In this case it could be 
a  component of replication complexes  or  of replication- 
competent chromatin. The factor would be necessary but not 
sufficient for initiation which would be triggered by another 
event at the start of S phase, resulting in the destruction of 
licensing activity and the prevention of reinltiation. 
An alternative interpretation is the existence of a positive 
catalytic activity capable of modifying structural components 
of chromatin, or proteins within the replication complex. 
Reversible modification  occurring at, or as a consequence of 
mitosis, would provide a tight control on reinitiation. In this 
case the factor need not persist throughout G1,  instead it 
could have a "hit and run" effect where only the products of 
its action would persist. A catalytic factor of this type could 
either activate replication proteins which would then be inac- 
tivated again by DNA synthesis (see below), or alternatively 
it could cancel a bound inhibitor of reinitiation, generated 
as a  consequence of DNA synthesis. This last possibility 
could explain how the licensing effect can persist through a 
long Go phase in quiescent cells. This question will be ad- 
dressed experimentally elsewhere (Cox, L., M. Madine, and 
R. A. Laskey, manuscript in preparation). All three types of 
positive model are completely compatible with our data and 
with earlier studies (Blow and Laskey, 1988;  Leno et al., 
1992). 
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Figure 6. Schematic summary of the results. (a) G2 nuclei with an 
intact  nuclear  membrane cannot  replicate their DNA when  in- 
cubated in Xenopus egg extract. (b) However, if  their nuclear mem- 
branes are first permeabilized they become competent for replica- 
tion in extract  (Lent et al.,  1992), suggesting that the nuclear 
membrane acts as a barrier to diffusion of a factor involved in the 
control of replication. (c) Repair of  permeabilized nuclei before in- 
cubation in egg extract reimposes the block to replication that was 
originally present in intact (32 nuclei. This suggests that the nuclear 
membrane acts to exclude a positively acting "licensing" activity 
from (32 nuclei rather than to prevent loss of a negative inhibitor 
of replication which could have escaped while the membrane was 
permeable. (d) This conclusion is confirmed directly by exposing 
permeable nuclei to Xenopus egg HSS before repair and incubation 
in  complete extract.  They then become  competent to replicate 
semi-conservatively In contrast,  HSS has no effect if added after 
membrane  repair.  Therefore a positive component required  for 
DNA replication is able to act only when the nuclear membrane 
is permeable. 
A catalytic activity capable of  modifying essential replica- 
tion proteins is an attractive possibility in view of  the mecha- 
nisms which control the onset of mitosis. The activity of the 
viral initiator protein, T antigen, is regulated by a cycle of 
phosphorylation  and  dephosphorylation  (McVey  et  al., 
1989) raising the possibility that the cellular initiator protein 
itself might be regulated by modification.  Cyclical phos- 
phorylation and dephosphorylation has also been described 
for RPA (Din et al.,  1990; Dutta et al.,  1991; Fotedar and 
Roberts,  1991;  Fotedar and Roberts,  1992) and a  require- 
ment for a  cdc2-1ike activity for the efficient initiation of 
DNA replication has been reported in a number of studies 
(Blow and Nurse, 1990; D'Urso et al., 1990; Fang and New- 
port, 1991). It remains to be seen whether the licensing ac- 
tivity we report here exerts its control over initiation as part 
of a pathway of protein phosphorylation and dephosphory- 
lation. 
A catalytic licensing factor model can also be reconciled 
with negative models such as that proposed by Roberts and 
Weintranb (1986). By studying hybrid replication origins of 
bovine papilloma virus and SV-40, they argued that reinitia- 
tion of replication is prevented by the presence of  a cis-acting 
negative inhibitor bound to replicated chromatin. A catalytic 
licensing factor could act by cancelling a chromatin bound 
inhibitor, but a negative inhibitor on its own is not an ade- 
quate explanation of our results. To explain them, it is still 
necessary to invoke a positive factor which is excluded by 
the nuclear membrane. Conversion of inhibitory structural 
components of G2 chromatin into a conformation suitable 
for a new round of DNA synthesis could provide efficient 
dual control if the passage of a replication fork could reverse 
the effect of the positive factor, thereby blocking new initia- 
tions. 
Blow and Laskey (1988) proposed that an essential activity 
could enter the nucleus only when the nuclear membrane 
breaks down during mitosis.  However, the nuclear mem- 
brane does not break down in yeast and other lower eukary- 
otes, but they are still able to limit replication to only one 
round per cell cycle. Despite the closed mitosis, one member 
of a family of yeast DNA replication proteins, the CDC46 
gene product of Saccharomyces cerevisiae (Hennessy et al., 
1990), shows a cyclical pattern of nuclear entry entirely con- 
sistent with that predicted for licensing factor. It accumulates 
in the nucleus as mitosis is completed and rapidly disappears 
again at the G1/S boundary. In this case accumulation must 
occur as a consequence of regulated nuclear transport, rais- 
ing the possibility that this is the normal route of entry into 
the  nucleus  for licensing  factor in  organisms  other  than 
yeast. Experimentally induced nuclear membrane permea- 
bilization may bypass this process rather than mimic the 
effects of nuclear envelope breakdown at mitosis. 
Members of the CDC46 gene family have been identified 
in S. cerevisiae (Gibson et al., 1990; Hennessy et al., 1990, 
1991; Yan et al., 1991), Schizosaccharomycespombe  (Coxon 
et al.,  1992), Xenopus  (C.-Y. Khoo, personal communica- 
tion), human, and mouse cells (Thommes et al., 1992), Two 
other members of this family, MCM2 and MCM3, have also 
been implicated in initiation in S. cerevisiae (Gibson et al., 
1990; Yan et al.,  1991). The conserved mammalian P1 pro- 
tein shows strong sequence homology to MCM3 (Thommes 
et al., 1992) and it is associated with complex forms of DNA 
polymerase o~,  further implicating  this  protein  family in 
DNA replication. Their implication in DNA replication and 
the similarity between the nuclear entry cycles observed for 
CDC46 and predicted for licensing factor make this protein 
family good candidates for further study. 
Regulated entry of a licensing activity in yeast can also be 
used to reconcile the data of Broek et al.  (1991) with our 
observations. They report the isolation of ts p34  cdc2 mutants 
which can be induced to undergo two rounds of DNA synthe- 
sis  without an intervening mitosis.  Both of these mutants 
specifically effect the G2 function of cdc2 resulting in a lack 
of induction of mitosis. It would be particularly interesting 
to know the nuclear accumulation pattern of cdc21 and other 
homologues of CDC46 in the ts p34  cdc2 mutants. 
Coverley et al.  Coupling Replication  to the Cell Cycle  991 We cannot distinguish  yet between stable binding or "hit 
and run" models for the mode of action of licensing factor. 
However, the experiments  described here demonstrate  that 
a positively acting licensing factor exists. This conclusion is 
supported  by the results  of recent  experiments  which use 
specific protein kinase inhibitors  (Blow,  1993). In addition 
the experiments described here provide an assay for identifi- 
cation of the licensing activity. 
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